In this paper, we present a review of the recent advances in hybrid vehicle powertrain architectural design. The paper begins with a discussion and categorization of the various types of hybrid vehicles. The current leading technology is the one-mode design of the Toyota Hybrid System and the intent of the state-of-the-art architectures is to improve upon the perceived weakness of the one-mode design. The proposed designs employ multi-regime architectures that allow for the transmission to operate in any one of series, parallel, or power-split configurations, depending upon the road load, driver demand, and control strategy. These new designs found in the literature are discussed and compared. The work allows further study and detailed modelling of the promising multiregime architectures to be carried out.
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___________________________________________________ 1 Introduction
The hybrid vehicle (HV) was originally introduced in 1899 by Dr. Ferdinand Porsche and the first HV was called the Lohner-Porsche Mixte (hybrid-vehicle.org 2006) . At the time, however, the electric components' technological progression could not keep pace with that of the ICE, and both hybrid and electric vehicles essentially vanished from the automotive scene. The latter two vehicle types have been revived periodically since, but have always struggled to compete with the hugely successful ICE vehicle (ICEV) .
A recent confluence of circumstances have provided an opportunity for the renaissance of the HV, most notably rising oil prices, oil supply concerns, and concerns with ICEV emissions. The internal combustion engine-battery hybrid vehicle (ICE-BHV) has been popularized with the introduction of the Honda Insight in 1999 and especially with the unveiling of the Toyota Prius in 2000. Both vehicles achieved fuel economies that are more than twice those mandated by the Corporate Automobile Fuel Economy (CAFE) standard of the United States of 25 mpg (fueleconomy.gov 2006) . Both vehicles were also designated as partial zero-emission vehicles (PZEVs). A PZEV is defined as a vehicle that is 90% cleaner than the average new model year vehicle, while a zeroemission vehicle (ZEV) is 98% cleaner than the average new model year vehicle (driveclean.gov 2006) .
The ICE-BHV (or, more generally, ICE-ESSHV, where ESS is the abbreviation for energy storage system) technology has been seen by many as a "bridge" technology that will improve the performance and cost structure of electric powertrains while also providing better fuel economy than the incumbent ICEV; ultimately, a fuel cell hybrid vehicle will provide the platform for the high-performance ZEV that remains the objective. The popularity and availability of hybrid vehicles is certainly on the rise, with 199,148 hybrid vehicles registered in the United States in 2005, an increase of 139% from the previous year (R. L. Polk & Co. 2006) . The market continues to grow, with a projected 345,000 hybrid vehicles sold in the United States in 2007, an increase of 35% over the 2006 figure (JD Power and Associates 2007) . Toyota Motor Corporation and Honda Motor Company have each projected that HVs will comprise some 10 to 15% of the United States market by 2009. Toyota has pledged to produce 1 million HVs a year by 2012 (Miller 2006) . The hybrid vehicle market obviously a growth industry and technology is rapidly improving in both cost and performance.
Hybrid vehicle classification
The ICE-ESSHV is the only type of hybrid vehicle to have been commercialized and it will be the focus of the current work. There are several ways of distinguishing the different types of ICE-ESSHVs currently in various stages of development. Historically, these hybrids have been placed in one of three categories: (1) series hybrids, (2) parallel hybrids, and (3) power-split hybrids. These categories and the sub-categories contained within are shown below in Figure 1 .
Figure 1 ICE-ESSHV categories
The classifications found in Figure 1 are useful, but several contemporary designs do not classify easily using these categories. The concept of the "multi-regime" architecture can be introduced. Multi-regime designs can have any combination of series, parallel, and power-split configurations. Some hybrid vehicles have an all-electric regime (AER); however, this regime can be thought of as a series regime with the engine off, and so it will not be considered to be a separate regime from series. The multiple configurations of multi-regime designs allow the electronic control unit (ECU) to select transmission configurations with widely ranging characteristics and advantages according to the vehicle load and powertrain components. Depending on the design goals, this means that the control strategy can ensure that the vehicle achieves optimal performance in metrics such as acceleration, towing capacity, or fuel consumption. It is this flexibility that is the rationale for the more complex control strategy and additional components. Furthermore, a multi-regime architecture that incorporates multiple categories is more adaptable to a wide range of vehicle types and applications.
The architectures that are examined in detail in a later section of this document are multi-regime designs. The designs have been referred to as "multi-mode" in some references, for example (Zhang et al. 2006) . Some confusion arises in the literature since the patents and academic papers by GM sometimes refers an operating regime such as series as a mode, and sometimes reserves the term mode strictly for power-split configurations. To avoid overlapping definitions, designs that allow for singular and multiple operating regimes are heretofore known as "uni-regime" and "multi-regime", respectively, and the term "mode" shall be reserved for power-split designs only. Unless specified as multi-regime, a uni-regime architecture will be assumed. The multi-regime architecture is the focus of the study, and so to provide context into its development, an overview of the various operating regimes of which the multi-regime design consists is provided.
Parallel
To begin, the parallel configuration contains three subcategories. A micro-parallel hybrid configuration is one in which one EM (EM) is used for functions such as ICE stop/start and regenerative braking but is not used to supply additional torque when the engine is running and the vehicle is not powered by electric motive power alone (Gates Corporation 2006) . Some authors further define micro-parallel hybrids as HVs that improve upon the fuel economy of a conventional vehicle with the same body characteristics by 5 to 10% and that have electric motors that are 5 kW or less (Miller 2006) . To date, most micro-hybrid applications have been restricted to spark-ignition (SI) engine applications. However, in Europe considerable attention is directed towards achieving the capabilities of the micro-hybrid in a compression-ignition engine due to the widespread usage of compression-ignition (CI) vehicles (Gaedt et al. 2004) . The challenge of the latter is considerable due to the higher temperature requirement in CI engines to achieve ignition. A uni-regime, mild-parallel hybrid is defined as a vehicle with the same capabilities of a micro-parallel hybrid with the additional requirement that the EM(s) are also able to provide up to approximately 10 per cent of the maximum engine power (Gates Corporation 2006) or between 7 and 12 kW (Miller 2006) . A full-parallel hybrid is defined as a vehicle again with the same capabilities of micro-parallel and mild-parallel hybrids but with the requirement that the EM(s) are able to provide torques that are up to 40% of the maximum engine torque (Gates Corporation 2006) . A uni-regime, full-parallel hybrid will also have an all-electric motive power mode, known as the all-electric regime (AER), in which all of the mechanical power at the wheels will originate in the ESS.
There have also been attempts to classify these parallel sub-sections more rigorously. For example, the term "hybridization" can be introduced and it refers to a continuum of designs in which the power production responsibilities are partitioned between the power sources. This partitioning can be expressed by an industry measure known as the degree of hybridization (DOH) through the following equation (Larminie 2003) :
where P elec is the power capabilities of the electric motor(s) and P eng is the power capability of the engine. The DOH is then a measure of the relative amount of total vehicle powertrain power that is delivered by the electric motor(s). Thus, at a DOH of zero, the vehicle is a conventional ICE vehicle, while at a DOH of one the vehicle is an electric vehicle. A HV will lie between the two extremes, with larger values signifying the usage of a smaller ICE and larger electric motor(s) role. It should be noted that equation (1) applies to the cases where the hybridization takes the form of an ICE and ESS such as a battery. When the vehicle is a fuel cell-energy storage system hybrid vehicle (FC-ESSHV), which is always a series design, equation (1) becomes
where P ESS and P FC denote the power provided by the ESS and fuel cell, respectively. A DOH of zero is in this case a FCV while a DOH of one will again be an electric vehicle powered entirely by an ESS; a DOH between 0 and 1 will signify a FC-ESSHV. The parallel architecture is the most common design for current commercialized hybrid vehicles. The most well-known examples for light-duty vehicles (LDVs) are vehicles in the Honda hybrid vehicle collection, such as the Honda Insight (now discontinued), and Accord Hybrid. Parallel designs are also found in commercial hybrid vehicles from manufacturers such as Azure Dynamics and Nissan (ABI Research 2006) . Many manufacturers design uni-regime, parallel hybrid powertrains because of their relative simplicity and low cost, and also because of the capacity to retro-fit conventional vehicles with a parallel hybrid transmission cost-effectively.
Series
The second main category is the series architecture, in which all of the mechanical power derived from the engine is converted to electricity by a generator and directed along an electrical path to the battery, the traction motor, or both. Note that in this case, the traction motor provides all of the power to the wheels, and thus the architecture must be classified as "full". Early on in the latest renaissance of the hybrid vehicle, several automotive OEMs examined the possibility of development programs for series hybrid vehicles. Some of the most notable uni-regime series designs are the Mitsubishi ESR, Volvo ECC, and BMW 3 Series (Westbrook 2001) . Despite the early research and prototypes, the possibility that uni-regime series hybrids will be commonly used in vehicular applications is remote. The series hybrid design has been relegated mostly to niche applications like the diesel-powered hybrid railway engine, although series hybrid transit vehicles from, for example, the ISE Corporation, continue to be manufactured (ISE Corporation 2006) . The configuration can be highly efficient for certain applications and having the engine run at its optimal speed as a trickle-charger of the batteries results in an extremely large vehicular range. Indeed, for low average power applications, the series configuration is likely optimal (Schmidt 1996c ). The engine is never connected to the mechanical transmission, and therefore its speed is independent of the vehicle speed, a desirable characteristic that allows for more flexibility in engine selection. However, all of the mechanical traction originates in the electric motor, thereby tying vehicle performance to electric motor size. This increases the weight of the vehicle, but more importantly the cost, since a large motor is required to achieve performance targets. Furthermore, the efficiency of the series architecture for high average-power applications, for example for frequent grades or highway speeds is lower than for other architectures (Schmidt 1996c ).
Power-split
The final category from Figure 1 is the power-split design. Early versions of power-split design can be found in some lawn tractors (Miller et al. 2005 ). The power-split design is making significant progress and has come to dominate the LDV market. The "split" nomenclature refers to the fact that the design uses a power-split device (PSD), usually a planetary gear, to allow the engine power input to be split between mechanical and electrical paths. One of the advantages of the power-split design is that a transition from forward to reverse motion can occur without need for a clutch actuation (Miller et al. 2005) . The power-split architecture can be considered to be a compromise between the advantages of the series and parallel architectures, while also providing an ingeniously devised continuously variable transmission (CVT). Power-split architectures can in fact be considered to be a special case of CVTs: the infinitely variable transmission (IVT) (also known as electronic CVT, or e-CVT). Conventional CVTs can provide continuously variable speed ratios over the velocity range of the vehicle but require launch-clutches or engine-disconnect devices for vehicle start-up because the input-to-output speed ratio must be finite (i.e. the output cannot be zero for non-zero input). Furthermore, most CVT designs are friction-based belt and traction types that are unsuitable for high-torque and high-power applications (Ai et al. 2004) . Conversely, an IVT can provide an infinite number of output-to-input speed ratios, including a geared neutral. This allows the output velocity of the vehicle to vary from reverse, through zero (stationary), to forward. No launch device such as a torque converter in an automatic transmission and a clutch in a manual transmission is necessary, and the engine can remain directly connected to the transmission for all speeds (Ai et al. 2004) .
One of the important characteristics of the power-split architectures is that at certain operating points the power through the electrical path, also known as the electric variator, to be zero; at these points, the system passes through what is known as a node point. The mechanical path is more efficient than the electrical path, and it is possible for a given configuration to have multiple node points. Therefore, the overall efficiency can be increased by the addition of more node points. This will, however, increase the system cost and complexity, because additional nodes are usually obtained by introducing additional PSDs, which are relatively large, heavy, and expensive components and/or additional clutches, which are prone to failure and are sources of power loss, and possibly driveline shudder, and driveline oscillations if the shifts are not done synchronously (Miller 2004) .
In normal power feed-forward operation, the power through both the electric variator and mechanical path flow from input to output of the transmission. However, there are some situations where the power-split design has inherent inefficiency, known as powerloop operation. There are two types of power-loop operation: negative recirculation and positive recirculation. When negative recirculation occurs, the power in the electric variator flows from output to input, causing the power in the mechanical path to be greater than the input power. When positive recirculation occurs, the power in the mechanical path flows from output to input, causing the power in the electric variator to be greater than the input power. Both operations decrease both the efficiency of the transmission, and as a result, decrease the output power. This situation is therefore usually undesirable; however, in some cases, this situation can be purposefully caused in order to slow down the engine and increase fuel economy, a phenomenon known as engine lagging or negative split.
The method for determining whether negative recirculation, power feed-forward or positive recirculation occurs is to calculate the ratio of the power input to the electric variator to the input power from the engine (Villeneuve 2004): , var in ratio input
The value of P ratio dictates the type of operation, as shown in Table 1 .
Table 1
Power-split architecture operation Source: (Villeneuve 2004 ), page 3.
P ratio value Description Power-split operation
Power through variator is larger than or equal to input power Negative recirculation -1< P ratio <0 Power through variator is less than input power Negative recirculation
No power through variator Power-split, node point 0<P ratio <0.5 Power through variator is less than through mechanical path Power-split 0.5≤ P ratio <1 Power through variator is greater than or equal to that through mechanical path Power-split
Power through variator is larger than or equal to input power Positive recirculation
Power-split designs include input-split, output-split and compound-split architectures. In input-split and output-split architectures the mechanical power of the engine is split once between mechanical power that directly powers the wheels and electrical power that is sent to the EMs and battery. Conversely, compound-split architectures split the mechanical power of the engine between two or more mechanical paths and the electrical path; the split mechanical power is re-combined at the output of the transmission.
The input power of an input-split transmission is split at the input to the PSD, and the output of the PSD is the combination of mechanical and electrical power paths. The node points for input-split design are at low output-to-input speeds ratios, and so this type of transmission can provide a high level of efficiency when the output-to-input speed ratio is low. As the output-to-input speed ratio increases, the power through the variator increases, decreasing the transmission efficiency, until the point at which power-loop operation occurs.
The split of the engine input power of an output-split transmission occurs after the PSD in an output-split architecture. The node points for this architecture occur at high output-to-input speed ratios, so this type of transmission is useful for high ratios. At lower speed ratios, power-loop operation occurs since the power through the variator increases with deviation from the node point speed ratios. As the speed ratios increase, the power feed-forward operation begins and becomes more and more efficient with increasing ratio before the node point is reached.
Finally, compound-split transmissions have at least two PSDs. Compound-split transmissions that provide two node points operate most efficiently between these points. As the output-to-input speed ratio decreases below the first node point and above the second node point, the efficiency decreases. Therefore, additional regimes of input-split and output-split or parallel for low and high output-to-input speed ratios, respectively, are often used to increase the transmission efficiency for a wide range of speeds. Adding more PSDs will result in more mechanical paths from engine to wheels and will provide more nodes at the expense of higher component and complexity costs.
One-mode, two-mode and multi-regime architectures
The power-split design that is currently dominating the market is the uni-regime, powersplit architecture, popularized by the Toyota Hybrid System (THS) installed in the Toyota Prius and known as "one-mode" architecture. A considerable amount of work has been done to model and simulate the performance of the market-leading Prius THS system, from an environmental perspective (Lave et al. 2002) , to performance evaluation (Kelly et al. 2001; Liu et al. 2005; Meisel 2006; Muta et al. 2004; Staunton et al. 2006; Williamson et al. 2006 ) and component development (Kamiya 2006) , and even a method to use the electrical system of the THS to provide electricity in the event of a power outage (Oyobe et al. 2005) . A high degree of confidence has been achieved in the understanding of the THS system, even though a full dynamic analysis has, to the authors' knowledge, only been attempted by Liu et al. (Liu et al. 2005) . The same research group also optimized the control strategy of the Prius using an instantaneous optimization algorithm called the Equivalent Consumption Minimization Strategy (ECMS) and compared the results to those achieved using a dynamic programming (DP) technique (Liu et al. 2006 ). The THS design, which is input-split, has been advantageous because of its relative simplicity and its increased performance over competing hybrid designs; however, the performance of the Prius at high speeds and on steep grades has been less than spectacular, and the achieved fuel economy has been much lower than the value declared by the Environmental Protection Agency (EPA) in the United States and Energuide in Canada (hybridexperience.ca 2007). Furthermore, when the THS is employed in heavier vehicles, for example a vehicle that is used for towing applications or one that is used for delivering heavy payloads, this hybrid design is likely not the optimal one because of the inflexibility of this type of power-split architecture. The input-split nature of the design allows for only one node or mechanical point, and as the vehicle loading increases, the power flow through the powertrain moves away from this peak efficiency point. In normal light-duty vehicle operation, the node point will occur at a high enough velocity that the efficiency will not be drastically diminished; however, for a commercial vehicle with a full payload, the node point will occur at a low velocity that will result in low efficiencies at moderate and high speeds.
The introduction of the two-mode architecture is an attempt to improve upon the THS design. A two-mode power-split design allows for two input-split, output-split, or compound-split pairs, or any combination of two modes. The key difference between one-and two-mode designs is the addition of clutches and/or brakes to create different power flow paths through the transmission. This increases the number of possible transmission configurations and adds nodes to the transmission. The clutches are engaged and disengaged by the ECU that oversees the entire transmission. The ECU uses system information such as component efficiency maps, ESS state-of-charge (SOC), road load and driver demand to determine which mode is optimal for the given conditions. The additional power-split modes should in theory provide more efficient performance over a wider range of vehicle loads, than one-regime designs, while maintaining the ability to operate as an eCVT: the additional nodes result in more outputto-input speed ratios at which the power is transmitted only via the mechanical path. However, the additional mechanical components will certainly increase both capital and maintenance costs.
A two-mode design can be considered to be a multi-regime architecture; however, multi-regime architectures can take the design concept of the two-mode one step further and incorporate other types of hybrid configurations in order to achieve optimal efficiency for as many types of driving conditions and driver demands as possible. Multi-regime designs can have any combination of series, parallel, and power-split configurations. The multiple configurations allow the ECU to select transmission configurations with widely ranging characteristics and advantages according to the vehicle load and powertrain components. Depending on the design goals, this means that the control strategy can ensure that the vehicle achieves optimal performance in metrics such as acceleration, towing capacity, or fuel economy. It is this flexibility that is the rationale for the more complex control strategy and additional components. Furthermore, a multi-regime architecture that incorporates multiple categories from Figure 1 is more adaptable to a wide range of vehicle types and applications.
The objective of this work is to introduce the concept of multi-regime architecture, and discuss how it departs from the current uni-regime designs, and provide examples of relevant designs that are found in the literature. The examined architectures have been put forth by GM, Renault, The Timken Company, Silvatech, and researchers at the University of Michigan-Dearborn. In-depth modelling of a representative multi-regime architecture is presented in a separate article (Wishart et al. 2008 ).
Multi-regime architectures
Multi-regime architectures have only recently been discussed in the literature. The patents and academic articles found by the authors are discussed below. A series of papers and presentations (Miller 2005a; Miller 2005b; Miller 2006; Miller et al. 2005) and a section of a book (Miller 2004 ) by Miller serve as valuable reviews of the current state of the two-mode designs by GM, The Timken Company and Renault.
It should be noted that an inaccurate statement is made in the PSD modelling of the papers by Miller, wherein it is stated that the torque ratios amongst the PSD components are fixed and not dependent upon the speed of rotations. This is a common misconception, and can be found in several papers that model the THS architecture; for example, references (Ahn et al. 2006; Meisel 2006; Miller 2006; Zhang et al. 2006) , have used a static analysis to conclude that the torque relations are constant for all speeds. The results are three equations that show simple relationships between the gear torques that not only depend only on the gear ratio, but also allow for knowledge of two unknown output torques to be obtained for one known input. It is important to note that the PSD is a three-port device: for both the speed and the torque relationships, two of the three variables must be specified or the system reaction will be unknown. This allows another element of control in the transmission, with electric machines (usually), whose speed and torque can be manipulated, connected to one port. In order to derive the true equations for the relationship between the input and output torques of the PSD, a dynamic analysis must be undertaken. Examples of this approach found in the literature were done by (Liu et al. 2005) for the THS and by (Zhang et al. 2004 ) and (Zhang et al. 2001) for GM oneand three-mode and two-mode designs, respectively. The PSD fixed torque relationship error and correction are explained in more detail (Wishart et al. 2008) .
Information on the designs of GM, The Timken Company, and Silvatech can be obtained from the relevant U.S. patent documents. The team led by Schmidt has been granted 12 patents on multi-regime architecture alone (all assigned to GM), beginning in 1996 with three patents (Schmidt 1996a; Schmidt 1996d; Schmidt 1996b ) and most recently adding three more in 2007 Schmidt 2007; Schmidt et al. 2007 ). The designs of The Timken Company design are introduced in U.S. patent number 6,595,884 (Ai et al. 2003) and developed further in U.S. patent number 6,964,627 B2 (Ai et al. 2005) , and that of Silvatech in U.S. patent number 7,008,342 (Dyck et al. 2006) . GM (Zhang et al. 2001; Zhang et al. 2004) , Renault (Villeneuve 2004) , and The Timken Company (Ai et al. 2004 ) have each published academic articles discussing their designs, although in the GM case, only a small selection from a large number of designs is examined. The researchers from the University of Michigan-Dearborn also published a recent article on their multi-regime design (Zhang et al. 2006 ).
In the GM articles, dynamic analyses using Kane's method are performed on twomode and one-and three-mode architectures, respectively. These articles did not explicitly compare the performances of the designs to any baseline conventional vehicle or any other hybrid design. In reference (Zhang et al. 2001) , a model for evaluating the two-mode design found in patent number 5,558,588 (Schmidt 1996d) , designated as GM-1 and discussed in the following section in the design, is introduced. However, only normalized results of the engine, battery and EMs are published. Furthermore, the analysis was confined to simulations of the transmission output power capacity at the optimal best brake-specific fuel consumption (BSFC) curve of the engine and the maximum power output of the EMs, and performance of a fully modelled vehicle undergoing a drive cycle was not executed. The same limitations apply to reference (Zhang et al. 2004) , in which the one-and three-mode transmission architectures of patents 5,558,595 (Schmidt et al. 1996) and 5,740,676 (Schmidt 1998) , respectively, are presented. There is neither quantitative nor even any qualitative analysis of the improved performance of the three-mode design over the one-mode.
The Timken Company academic paper (Ai et al. 2004 ) provides a summary of CVTs, both mechanical and electronic, and of power-split types. The paper also presents the results of simulations conducted in the EASY5 environment developed by The Boeing Company and augmented by powertrain components developed by Ricardo Inc. While the paper includes a description of the design, a detailed presentation of the model used in the simulation is not added.
The Renault academic paper (Villeneuve 2004 ) describes the differences in transmission operation of a one-mode power-split versus a two-mode design and also describes the control strategy algorithm of the latter model. Forward motion regimes are explicitly examined, but little mention is made of any other operating regime such as reverse or neutral gearing.
The paper by the researchers at the University of Michigan-Dearborn (Zhang et al. 2006) provides an overview of the physical design and a more detailed explanation of the control strategy. Simulation of the model takes place in the ADvanced VehIcle SimulatOR (ADVISOR) environment developed by the National Renewable Energy Laboratory. The model is compared against the first-generation THS model that is included with the ADVISOR software. It is interesting to note that both models have the same error mentioned previously about fixed torque ratio at the PSD; neither model allows for the electric machine to have a variable control strategy that could improve fuel economy.
Furthermore, to the authors' knowledge, the models in the aforementioned papers, and indeed most others in the genre, do not account for the effects on fuel economy of transients in engine operation. An attempt is currently being made in the concurrent modelling work to avoid large engine transients, thereby reducing the compromising effect that this phenomenon has on models that allow large transients to occur without penalization of lowered fuel economy. Research into how engine transients are modelled is also being conducted.
GM designs
GM has registered 33 U.S. patents with different designs for multi-regime powertrains, and a description in this document of every patent is infeasible. The initial design that began the two-mode development will first be discussed. A four-mode design will then be examined to illustrate the differences in mode number on design. Subsequently, the two designs that have been commercialized will be examined.
The U.S. patent awarded in 1996 to M. Schmidt and assigned to GM includes eight separate configurations (Schmidt 1996d) , two of which are described below and labelled GM-1 and GM-2. The design in GM-2 is also examined in reference (Zhang et al. 2001 ). This patent is particularly important because it represents the introduction of power-split two-mode architecture in the literature. The configuration of the input-split GM-1 is shown below in Figure 2 . The following schematic conventions are applied to this and all subsequent figures. The PSD is denoted by "S", "C", and "R" for sun gear, carrier, and ring gear, respectively. The first motor/generator (MG) in the schematic is labelled "MG1" and the second by "MG2". The differential and final drive gears are denoted by "FD"; the designs are for vehicles with one set of driven wheels but could easily be modified to accommodate all-wheel drive designs. The power electronics devices such as inverters and mechanical gears are not included for the sake of simplicity.
The first design from the original two-mode power-split patent of 1996 is the primary configuration of the patent, and is of the compound-split type, with two PSDs. The design is labelled GM-1 and shown below in Figure 2 . The GM-1 architecture contains two planetary gear and three clutches.
Figure 2
GM-1 architecture Source: (Schmidt 1996d ), page 3.
The engine is connected via a clutch (CL3) to the first ring gear, and the first ring gear is connected via a clutch (CL1) to the second ring gear and driveshaft; MG1 is mechanically connected to the carrier; MG2 is mechanically connected to the two sun gears which are in turn connected. The operating regimes are shown below in Table 2 . Some of the subsequent operating regime tables will include descriptions of reverse, parking, and engine starting regimes, in accordance with the available information from the appropriate reference. The description in the parentheses in the "Regime" column indicates the speed range of the vehicle and in some cases provides the mode of powersplit. For all of the configurations, when CL2 is on (and CL1 is off), Mode 1 of the power-split is selected, and when CL1 is on (and CL2 is off), Mode 2 is selected. When both CL1 and CL2 are on, both modes are selected. There are two main operating regimes considered in Table 2 : Forward and Braking. For the forward regime, there are four different sub-operating regimes, each with multiple modes: AER, eCVT, Hybrid, and ESS Charge. The AER regime has two modes that depend on the vehicle velocity and the engine is always off. The first mode is a combination of Mode 1 and Mode 2. The second mode occurs for faster speeds, and Mode 2 is selected. The eCVT regime has engine power and no power flow to or from the ESS, and occurs when the vehicle load is relatively low. When the vehicle is moving slowly in this regime Mode 1 is chosen; when the vehicle is moving at medium or fast speeds, Mode 2 is selected. Note that the eCVT (slow) configuration is actually a series configuration, making this design multi-regime. The Hybrid regime occurs when significant transmission power is required: the engine is on and there is power flow from the ESS. At very low speeds, Mode 1 is selected and then Mode 2 is selected as the transition to low speeds is made. Once a medium speed is reached, the configuration returns to Mode 1, until fast speeds are attained, at which point Mode 2 is selected. Finally, the ESS Charge regime occurs when the ESS SOC is low and the engine power is higher than the vehicle load in order to charge the ESS. At very low to low speeds, Mode 1 is selected. From low through medium to fast speeds, Mode 2 is chosen.
There are three sub-regimes for the braking regime in Table 2 . The first sub-regime is Regen, in which regenerative braking occurs, charging the ESS, with the engine off. For slow speeds, a combination of Mode 1 and Mode 2 is chosen, while for faster speeds, Mode 2 is selected. The second sub-regime is Engine Lagging, in which the ESS is off, and the braking that is not done by the mechanical brakes is absorbed by the engine. Engine lagging allows the engine to operate at lower speeds, thereby increasing fuel economy. At low speeds in the Engine Lagging sub-regime, Mode 1 is chosen while for medium to fast speeds, Mode 2 is selected. Finally, the Regen+Engine lagging regime is one in which the ESS and engine slow down the vehicle simultaneously. For very slow speeds, Mode 1 is selected, and for slow through medium to fast speeds, Mode 2 is chosen.
The second GM architecture that will be examined is labelled GM-2 and is shown below in Figure 3 . The design comes from U.S. patent number 5,571,058 (Schmidt 1996c ). This design is a multi-regime architecture with four power-split modes. There are four PSDs and five clutches, although the fourth PSD is not strictly necessary. GM calls this design an input-split architecture (Schmidt 1996c) ; in the authors' view, this characterization is incorrect since the design is compound-split, and the design should be labelled as such.
Figure 3
GM-2 architecture Source : (Schmidt 1996c ), page 1.
The engine is connected via CL1 to the first carrier, MG1 is connected to both the second carrier and the third sun gear, and MG1 is connected to the second sun gear and via CL2 to the intermediate shaft. The intermediate shaft is the point where the mechanical power from the first ring gear (when CL4 is engaged), third sun gear (when CL5 is engaged), the third carrier, and the sum of the second sun gear and MG2 is combined. The intermediate shaft delivers power to the fourth ring gear, and this power is split between the wheels and a steer unit that is included since this design was specifically designed for track-driven vehicles; the steer unit regulates the speed of each track and allows the vehicle to pivot and turn (Schmidt 1996c) . For a wheeled vehicle, the intermediate shaft becomes the driveshaft leading to the output gearing and differential. The operating regime table is shown below in Table 3 (Schmidt 1996c) . For this and all subsequent GM architectures, the regimes are listed in descending order and correspond with increasing vehicular velocity. As can be seen from Table 3 , for Modes 2, 3 and 4, there are multiple output speed ranges for each mode. Mode 1 has only one speed range, and Mode 1 is used for starting the vehicle since it provides the highest tractive effort (Schmidt 1996c) .
The design that is employed in the Two-Mode EVT, installed in transit buses is shown in Figure 4 (Grewe et al. 2007 ). The design is also known as the EP40/50. The design comes from patent number 5,931,757 granted to M. Schmidt and assigned to General Motors in 1999 (Schmidt 1999) and is a two power-split mode design. In this design, the first PSD causes the first power split, providing the input-split regime, while the second PSD adds a second power split, resulting in the architecture forming a compound-split configuration. The third PSD acts as a torque multiplier to the driveshaft (Grewe et al. 2007 ). The engine is connected to the first ring gear, and can be connected via a clutch (not shown) if desired. The first and second carriers are connected to the main transmission shaft. The second ring gear is connected to MG1 and the first sun gear. MG2 is connected to both the second and third sun gears, which are in turn connected. The main transmission shaft is connected via clutch CL2 to the third carrier and to the wheels. The third ring gear is connected via clutch CL1 to a fixed member.
Figure 4
Two-Mode EVT architecture Source: (Schmidt 1999 ), page 1.
The modes of operation are controlled by the control system and the clutches. In the first mode, CL1 is engaged, locking the third ring gear, and CL2 is disengaged, meaning that the main transmission shaft is disconnected from the wheels. MG2 operates as a motor throughout the first mode and increases its speed of rotation, while MG1 operates as a generator while decreasing its speed of rotation. At the node point, the speed of MG1 is zero, and it switches its operation to motor mode. Also at the node point, CL1 is disengaged, allowing the third ring gear to rotate freely, while CL2 is engaged, connecting the main transmission shaft to the wheels. MG1 initially switches to generator operation at the beginning of the second mode, before reverting to motor operation early on as the vehicle velocity increases, and continues to operate as a motor throughout the rest of the second mode. MG2 continues to act as a motor at the beginning of the second mode, while switching to generator operation after the switch by MG1, and continuing to operate as generator throughout the rest of the second mode. The operation regimes are summarized below in Table 4 . It is unclear as to whether an AER is included: similar to the THS design, the transmission may operate in the AER up to a certain speed above which the ring gear must spin. At this speed, the engine will begin to turn and the AER will end. In order to transfer the design to LDVs, the design was modified to include four fixed-gear ratios. Without these ratios the design would either have suffered from an enlarged transmission or a reduced capacity for towing; indeed, a typical SUV is often used to tow a load that is greater in weight than the vehicle itself (Grewe et al. 2007 ). The resultant patent associated with the LDV designs such as the 2008 Chevrolet Tahoe hybrid is U.S. patent number 6,953,409 B2 awarded to M. Schmidt (Schmidt et al. 2005 ). This design is known, in the authors' opinion a misnomer, as the Two-Mode Hybrid, and is shown below in Figure 5 . The architecture is also known as the Allison Hybrid System-2 (AHS2). This hybrid powertrain may also be installed in hybrid versions of the GMC Yukon from GM, and Dodge Durango and Chrysler Aspen SUVs from Chrysler. A slight difference between the design shown in the figure and the schematic of the patent is the connection of clutch CL4: in the patent, CL4 is connected to the second carrier, while in the figure the clutch is connected to the second ring gear. In either case, activation of CL4 will lock the first two planetary gears, and all components will have the same angular speed about the PSD center (and the planet gears will not rotate.)
The Two-Mode Hybrid design allows for four fixed gear ratios in addition to the two possible power-split modes. This combination means that the design is a multi-regime design and is not limited to the two power-split modes as the name suggests. As can be seen from comparing Figure 4 and Figure 5 , the only difference between the EV drive and the Two-Mode Hybrid architectures are the two additional clutches in the latter, CL3 and CL4. These two clutches provide the four fixed gear ratios that allow the transmission to operate in parallel mode.
The powers-split modes of the Two-Mode Hybrid are identical to that of the EV Drive with regards to CL1 and CL2. The operating regimes are shown below in Table 5 ( Schmidt et al. 2005) . It should be noted that the 1st and 2nd fixed gear ratio regimes can occur at any point within the first power-split mode and the 3rd and 4th gear ratios can likewise occur at any point within the second power-split mode. The activation of the fixed gear ratios will depend on the power demanded by the driver. For example, if the vehicle is stationary, and maximum acceleration is demanded, the 1st fixed gear ratio can be chosen for maximum efficiency. The architecture allows for three nodes (one in Mode 1, two in Mode 2) along with the fixed gear ratios for a wide-ranging level of high efficiency.
Figure 5
Two-Mode Hybrid architecture Source: (Grewe et al. 2007 ), page 5. 
Renault design
The Renault IVT design differs from the GM designs in that dog clutches are used to achieve the two power-split modes. The schematic for the IVT is shown below in Figure  6 . At present, no plans to manufacture any vehicle with the IVT powertrain by Renault have been uncovered.
Figure 6
Renault IVT architecture Source: (Villeneuve 2004 ), page 5.
The IVT has four planetary gears and two dog clutches (a type of brake); the first and second pair of planetary gears is compounded. The engine is connected to the first carrier; MG1 is connected to the second sun gear and third ring gear; MG2 is connected to the fourth sun gear. The driveshaft is connected to the first ring gear and second carrier. The first brake (drawn as clutch that connects to a fixed member for visual simplicity) can selectively lock the third carrier while the second brake (also drawn as a clutch connecting to a fixed member) can selectively lock the third sun gear and fourth ring gear. The operating regimes are shown below in Table 6 . In the low mode, MG1 initially operates as a motor and MG2 as a generator. The operations then switch as the vehicular velocity increases such that MG1 operates as a generator and MG2 as motor for the rest of the mode. Brake B2 rotates freely in this regime, while brake B1 is on.
The transition to the high mode occurs when the speed of both electric machines is zero, therefore at zero electric variator power. At the transition point, B2 is activated and B1 is de-activated and allowed to spin freely. MG1 operates as a motor and MG2 as a generator for the duration of the mode. The architecture allows for two node points, one in each mode.
The architecture also has the capability of operating in AER and conventional regimes. Neither possibility is mentioned in reference (Villeneuve 2004 ), but could be implemented in the control strategy. These additions could help improve the transmission efficiency over a wider range of vehicular velocities.
Timken design
The Timken eCVT differs from the other multi-regime designs by including two types of mechanical torque transfer devices: clutches and brakes. The schematic for the eCVT is shown below in Figure 7 . No production plans for the Timken eCVT have be found anywhere in the literature or the automotive industry news publications. The Timken Company patent designates the low-mode operation of this architecture as output-split (Ai et al. 2003) , but an examination of the design reveals that it is in fact no different from the THS one-mode power-split architecture, or from the low-mode of GM-1, and so it should be designated as input-split as well.
Figure 7
Timken eCVT architecture Source: (Ai et al. 2004 ), page 30.
The eCVT contains two planetary gears, two clutches, and two brakes. The brakes are again depicted as clutches that selectively connect to a fixed member. The engine is connected to the first ring gear; MG1 is connected to the first sun gear and via a clutch (CL2) to the second ring gear; MG2 is connected to the second sun gear. The first carrier is connected via a clutch (CL1) to the driveshaft; the second carrier is directly connected to the driveshaft. The operating regimes are summarized below in Table 7 .
Table 7
Operating regimes of the Timken architecture Source: (Ai et al. 2004 For the forward sub-regime, there are five different operations. There is AER (low power), AER (high power), three power-split modes and a series regime. The high power AER regime can only occur if the speed is not too large, since at high speeds of the first sun gear and carrier, the ring gear (and engine) will begin to rotate. The power-split regimes allow for two node points, one in the low mode and one in high mode. A series regime is possible, but reference (Ai et al. 2004 ) does not mention this capability.
Silvatech design
The Silvatech multi-regime design schematic is depicted below in Figure 8 . At present, no plans to manufacture any vehicle with the powertrain designed by Silvatech, known as the Electro-Mechanical Continuously Variable Transmission (EMCVT), have been uncovered.
The engine is directly connected to the carrier and also via CL1 to the sun gear, via CL2 to a fixed member, and CL3 to MG1. MG1 is connected via CL4 to MG2, and MG2 is directly connected to the driveshaft. The ring gear is connected via CL5 to the driveshaft. The operating regimes are listed below in Table 8 .
Figure 8
Silvatech EMCVT architecture Source: (Dyck et al. 2006 ), page 2.
Table 8
Operating regimes of the Silvatech architecture Source: (Dyck et al. 2006 There are six regimes in the Forward regime: AER (economy), AER (full), Series, Parallel, eCVT, and Conventional. The Series operation is not mentioned in reference (Dyck et al. 2006 ) as a capability of the architecture. There are three types of Reverse: Reverse AER (economy), Reverse AER (full), and Series. A Parallel regime is also mentioned for reverse operation, but the architecture does not support the regime in the method described: the engine direction is not transformed into the opposite direction by any gearing, and so it cannot cause reverse motion. For the Braking operation, Light Regen., Max. Regen., Parallel, and Engine lagging are available. Reference (Dyck et al. 2006 ) has CL3 engaged for Max. Regen, but this is not necessary. The Parallel reverse regime has both ESS charging and engine braking. Finally, the Engine starting operation has two regimes: Vehicle stationary and Vehicle in motion whose use should be obvious.
University of Michigan-Dearborn design
Researchers at the University of Michigan-Dearborn (UMD) recently introduced a novel multi-regime design. The architecture allows for parallel and power-split regimes. A schematic of the design is depicted below in Figure 9 . The engine is directly connected to the carrier and the solitary MG is alternatively connected to either the sun gear or the output shaft via CL4. The schematic is modified from that of reference (Zhang et al. 2006) in that the ring gear is connected to the driveshaft via a clutch (CL3) instead of directly connected. It is the authors' belief that the intent was that when the fourth lay-gear is chosen that all of the engine power passes through the lay-gear and none through the PSD. In the diagram of the reference, the power from the engine is split between the direct lay-gear path and the PSD and then recombined at the lay-gear input; this mini-power loop involves the PSD unnecessarily, and will decrease efficiency because of the inertias of the extraneous mechanical components. Note also that for clarity two separate clutches are drawn and labelled CL1, CL2 and CL4. These clutches are shifters that can engage one or the other of the lay-gear pair or one or the other of the PSD and driveshaft, respectively. The lay-gears G1 through G4 are also shown in the schematic to illustrate the differences between the fixed gear paths. The summary of operating regimes is presented below in Table 9 . University of Michigan-Dearborn architecture Source: (Zhang et al. 2006 ), page 80. There are three regimes of which the architecture is capable. In the Forward regime, AER, four Parallel, four Conventional, four Charging, and an eCVT operation are possible. In the AER, CL4 engages and the MG is directly connected to the driveshaft. For Parallel operation, CL4 connects the MG to the driveshaft, and the engine power is directed to the driveshaft through any of the four lay-gears. For Conventional operation, CL4 is disengaged, while in Charge operation, CL4 connected the MG to the sun gear and the MG operates as a generator to charge the ESS. Finally, the eCVT operation involves CL4 again connected the MG to the sun gear so that some of the engine power can charge the ESS; the rest of the engine power is directed to the driveshaft. This configuration allows for the engine speed to be decoupled from the driveshaft speed as long as the ESS can continue to accept power.
Conclusions and future work
The objective of the current is to provide an overview of the state-of-the-art for ICEESSHVs, highlighting how the advanced multi-regime designs depart from the philosophy of contemporary uni-regime designs. The designs of five different design groups were presented: GM, Renault, The Timken Company, Silvatech, and the University of Michigan-Dearborn.
At present, a comprehensive evaluation of a multi-regime hybrid vehicle design has not been previously published anywhere in the literature. Even more importantly, the multi-regime architecture has not been compared to any other powertrain design, leaving its apparent claim of improved performance unsubstantiated. Concurrent modelling work taking place will elucidate the purported benefits of this technology. A comparison between multi-regime and uni-regime designs will be made, with a conventional vehicle serving as the baseline. The simulation results will help determine if the multi-regime architecture offers any improvement in performance metrics such as fuel economy over other architectures.
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